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A  prcTequiai^c  to  thr  el t^akeiil’ a  5/5i«a  for  the  theraal 

:ar.tro\  at  a  apa:c  vehicle  .a  %  cicar  and  ^raaipicie  df-fjiiition  of  the  heat 
souriea  and  sinks  in  apae«^  and  JUt  nodes  and  ma/;nili;des  of  heat  transfer* 

The  study  presented  Jm«c  is  irtended  to  provide  thi  s  i  nf  orrnat  ion ,  based  apan 
the  nost  reliable  data  availahie.  The  curves  ant  tahtilated  data 

given  provide  a  conplete  napping  of  the  spare  thermal  radiation  enviranaent 
thvoughout  the  solar  ayaten  Direct  soiar  radiation,  planetary  alhe4a*  an4 
planetary  thermal  radiation  are  considered  for  vehicle  sut faces  of  spherical, 
hemispherical,  cylindrical  aad  flat  plate  configurations .  Ry  comhininiK  these 
shapes  and/or  building  up  a  compos^ie  of  flat  surfaces,  heat  incident  ta 
space  vehicles  of  any  configuration,  lorated  anywhere  in  the  solar  syatea 
can  be  obtained.  For  ennveni ence ,  the  bulk  of  the  data  is  given  in  cnrvn 
form  in  Supplement  A^for  hand^conputat . on  and  lonparison  purposes  and  in 
tabular  forn  in  Supplement  or  use  as  automati:  di,git.al  conpoter  4at* 
input. , 
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INTRODUCTION 


DeT«lopment  or  Henitin  of  a  system  for  control  lin^;  an  enr i ronraental 
factor  must  have  as  a  prerequisite  a  thorouEh  understanding  of  the  masnitud 
and  character  of  that  factor.  In  the  case  of  thermal  control  for  apace 
vehicles  it  is  necessary  to  clearly  define  the  heat  sources  and  sinks,  and 
modes  of  heat  transfer  available  in  space.  The  study  reported  herein  is  in 
tended  to  accomplish  this,  baaed  on  the  most  reliable  information  currently 
available.  This  represents  the  second  part  of  a  lar^or  study  proffram 
being  conducted  under  Convair  Astronautics  REA  111-D121.  The  first  part 
of  the  program  was  reported  in  References  1  and  2  and  includes  a  detailed 
literature  search  of  the  subject  and  summaries  of  discussions  held  with 
a  number  of  specialists  in  the  field  describing  their  current  activities 
and  proposed  work.  The  following  parts  of  this  program  will  describe 
studies  of  control  techniques  and  their  effectiveness  and  application  to 
the  various  phases  of  space  flight  and  types  of  vehicles. 

This  report  presents  the  results  of  parametric  analyses  of  direct 
solar  radiation,  earth  thermal  radiation  and  albedo,  to  provide  a  means 
for  defining  vehicle  external  heat  loads.  Elemental  vehicle  shapes,  in¬ 
cluding  a  plane  surface,  are  considered  with  attitudes  and  altitudes  as 
parameters.  Use  of  the  data  presented,  combining  various  shapes  where 
necessary,  will  permit  the  calculation  of  the  basic  external  heat  load 
in  space  of  any  vehicle  configuration.  Internal  heat  loads,  which  are 
quite  uncertain  for  future  vehicles,  arc  discussed  in  light  of  estimates 
based  on  presently  proposed  missions. 


niu-  w-oifi 
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Environmental  Analvaia 


The  irowitic  activifv  in  fhe  of  .“pace  vehicles  has  nenerated 

•  aimilarly  crnwine  »lenan«l  for  means  of  naintaimna  safe  operatine  lempera- 
tures  within  these  veliiclea.  HemoveH  frof:  the  atmosphere  and  its  therasiS 
influence,  the  space  vehicle  derives  its  femperatiire  control  Ihroiieh  the 
regulation  of  thermal  radiation.  Temper.iture  rise  of  an  object  in  space 
must  he  the  result  of  internal  heat  dissipation  or  radiation  ali.«nrhcd  at 
its  surface.  Temperature  fall  must,  in  the  long  run.  be  the  result  of 
radiation  emitted  by  the  surface.  Internal  heat  dissipation  will  in 
general,  be  defined  hy  the  specific  mission  requirements,  leaving  radi¬ 
ation  control  as  the  prime  means  of  temperature  regulation  It  is  possible 
to  use  such  schemes  as  evaporative  mass  transfer  for  cooling  or  internal 
electrical  heaters  for  heating  but  such  methods  are  not  practical  for 
long  duration  flights  due  to  the  payload  penalty. 

As  a  consequence,  the  study  of  temperature  control  for  space  vehicles 
must  he  focused  on  radiation  control;  which  becomes  meaningful  only  after 
a  thorough  knowledge  of  the  thermal  radiation  environment  in  space  has  been 
obtained.  This  environment,  for  purposes  of  this  report,  will  he  referred 
to  as  Natural  Thermal  environment,  in  contrast  to  the  term  induced  thensal 
environment  which  applies  to  the  heat  load  gencrati^  by  the  veliiclc 
operation,  its  crew  and  equipment.  This  natural  thermal  environment  is 
made  up  essentially  of  three  sources;  direct  solar  radiation,  planetary 
thermal  radiation,  and  reflected  solar  radiation  (planetary  albedo).  The 
contribution  of  each  of  these  sources  is  analyzed  in  detail  in  the  follswr- 
ing  sections.  In  addition,  the  much  more  nebulous  problem  of  the  induced 
thermal  environment  has  been  analyzed  in  a  general  manner.  This  type  sf 
treatment  is  the  heat  that  can  be  done  until  missions  and  vehicles  hec.nae 
more  firmly  established  and  equipment  details,  which  will  continually 
change  with  the  state  of  the  art,  become  frozen  for  specific  apolicatiejis. 
This  study,  however,  should  provide  a  firm  background  for  the  evaluation 
of  control  techniques  which  is  the  next  phase  of  the  work  to  bo  covered 
under  this  REA.  Further,  it  supplies  all  of  the  basic  data  necessary  far 
a  complete  evaluation  of  the  external  heat  load  to  which  any  space  vehicle 
will  be  subjected  and  is  readily  usable  for  transient  analyses  where 
manual  or  digital  computer  techniques  will  be  used. 
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A.  Natural  Thermal  En\'i roniaent 


The  nrif(in  of  the  thermal  rarliation  enx'ironnent  in  apare  i»  the  a«*« 
Direct  solar  radiation  ia  ohvioualy  the  moaf  aiiinifirant  external  heat 
source  to  a  space  vehicle,  hut  dcpcndine  upon  the  particular  trajectory 
heing  flown,  it  may  he  followed  closely  by  planetary  thermal  radiation 
and  nlhedo.  Planetary  th«*rraal  radiation  ia  basically  the  reradiation  of 
solar  energy  previcualy  absorbed  by  the  planet  surface  or  atmosphere. 

While  planetary  albedo,  which  is  defined  as  diffuse  reflectivity,  is  the 
fraction  of  total  solar  energy  incident  to  the  planet  which  is  reflected 
away  by  its  surface  or  atmosphere.  It  is  clear,  then,  that  the  natnrnl 
thernal  environment  for  a  vehicle  traveling  through  space  nust  he  ohtained 
by  proper  summing  of  these  sources;  and  further  that  the  variations  in 
magnitude  and  direction  of  these  heat  loads,  as  seen  by  a  vehicle,  follow 
rather  independent  relationships.  Consequently,  the  three  somrees  are 
treated  separately  in  the  following  sections,  however,  for  albedo  and 
thermal  radiation,  the  same  vehicle  configurations  are  considered. 


I.  Solar  Radiation 

The  sun  radiates  approximately  as  a  black  body  with  a  surface  tempera^ 
ture  of  about  10,000.  degrees  Fahrenheit.  The  thermal  radiation  received 
by  an  isolated  body  in  space  varies,  for  all  practical  purposes,  inversely 
with  the  square  of  its  distance  to  the  sun.  At  earth's  average  distance 
(one  astronomical  unit)  its  mangitude,  usually  referred  to  as  the  solar 
constant,  has  been  established  as  442.  ^2*^  Btu/hr-ft^.  This  figure  has 
been  derived  from  the  reduced  data  of  a  large  number  of  measurements  in¬ 
cluding  rocket-borne  spectrographs  (Uef.  4).  ITsing  this  earth-distance 
value  as  a  fiducial  point,  the  variation  of  direct  solar  h.eat  flux  with 
distance  to  the  sun,  including  appropriate  values  for  the  planets,  is 
shown  in  Fig.  1.  The  solar  heat  fluxes  for  the  planets  are  also  listed 
in  Table  1 . 

For  the  case  of  interplanetarv  flight,  the  space  vehicle  will  he  ia 
direct  sun  light  along  practical Iv  all  of  its  path.  Ilowewer,  for  an 
orbiting  vehicle,  in  close  proximitv  to  a  planet,  the  eclipsing  or  shadow¬ 
ing  mus'*.  he  considered.  The  shadowed  region  in  space  is  made  up  of  the 
umbra  or  totally  shaded  area  and  the  penumbra  or  partially  shaded  area  ia 
which  a  portion  of  the  sun  is  still  visible.  An  analysis  of  the  influence, 
of  passing  through  these  regions,  on  the  heat  input  |o  an  actual  vehicle 
clearly  shows  that  the  eff  ct  of  the  penumbra  is  quite  small  and  may  for 
most  practical  purposes  be  neglected.  The  umbra  cone^  however,  can  he 
very  sianificant,  resulting  in  a  direct  sol^ir  heat  input  reduction  of 
greater  than  401,  for  near  orbits.  Included  in  Tatije  1,  are  the  umbra 
cone  angles  and  apex  altitudes  for  ttie  various  planets. 
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II.  Plainetarfir  inh«r««l  !ltA4i«ti-9!fi 

Tli«n»al  «iiier^  in  rai'^liifattiefd  %y  ^3aiK?<tfl  iti  Hie  aatn*  manner  an  i‘i  i« 
rai^iaitieiil  Iby  .amy  Iheatt#!^  'Kaily.  Tfcr  ma^ni  1  UiH«  aT  'flu  a  ra«!i  n’t  ion  daTieniia 
mm  (tlh#  aturfac*  tt(eftijp«ra(tiMr(e  and  emiiaaimn  charact  er  i  s1  ica ,  The  lat’t>eT 

Klhie  ipnojpierit i «*  of  amy  almoajphiere  «hirh  may  exial  an  well  aa  th« 
«mi**iyS4y  mt  Itlh#  *iurfa««  i4«ie3lf.  Co’na^q’uenl ly„  chanjrea  of  almoaflhaTio 
camditiazia,  amaiamm  a-nd  itime  «f  day  inlroduxe  varia'tio'na  iti 

lt)h«  filanetary  ttJh«(rtBal  raidiattaom.  Tfowe'Vier^  niexla«4inK  dedaila  oT 
gilaaet  ««rf.a«e,  it  a*  }\«««alb3«  dn  <comipul<e  tth«  air«Taj;o  eonruy  radia't^d  bf 
a  plaaet  itmaa^  a  (tlh«am(tl  Ibalamcm  ibia««d  on  dTite  snlar  aradialion  aha«rb«d 
Iby  tli«  planet.  Am  4!he  itempeirattinrea  nf  moat  pllanols  do  nod  arary  appr««i*bly 
ever  evteadeid  fieraedn^  ait  eani  be  enneil ude'd  dhad  d.h«  dhermaJljr  radiadmd 
eaercf  ia  e<g«a valent  to  tihce  albanrlbeid  anlar  ener^.  irherofnro^  aince  liin 
ineadent  aelar  emer^gy  and  av«raif(«  albcdn  are  well  hnnwn  Tnr  moad  planela^ 
the  average  thecmal  r^adaatann  e-an  Ibe  readaly  eal'rul  ad«d. 

UaanC  S  aa  the  a<nil.ar  Iheat  Ifluv  jier  unid  projeoded  area  of  the  planed 
Kaa  aeem  frnm  the  aiun))«  a  aa  the  planetary  albedo.,  R  aa  the  planet 
radina,  and  I4  aa  the  theinnal  energy  radiuded  per  averai'e  unit  planet 
area  and  time,  the  emer^gy  halasnee  iat: 


{t-^)SwR^  ^  tit 


nr 


TJaiii^  the  albedo  valuea  of  Table  1.,  moot  of  which  was  obtained  fron 
fief.  and  the  solar  heat  fluv  d.ata  for  the  various  planets  fron  Fi*.  1 
or  TaMe  1,;  the  averaj;e  planetary  thermal  radiations  have  been  computed 
and  are  igiven  alao  in  fable  1. 

Ilavinjg  thus  established  the  magnitudes  of  the  thornal  radiation  from 
the  varirntts  planets.,  there  remains  only  the  calculation  of  this  ener4jy 
in  space  as  it  will  be  intercepted  by  a  space  vehicle.  To  mahe  this 
analysis  possible  in  a  parametric  manner.,  it  is  assumed  that  the  planet 
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surface  is  rariiatitiK  uniformly  so  that  the  averajre  value  applies  to  anv 
region  of  the  surface.  In  view  of  the  velocities  nn<l  tvpes  of  trajectories 
whieh  space  craft  may  he  expected  to  experience,  this  appears  to  he  a 
reasonable  aasumption.  In  adflition,  since  thermal  radiation  is  only 
aignifi-cant  for  altitudes  less  than  about  three  planet  diameters,  th« 
radiation  is  far  from  being  parallel  and  consef|uent  1  y  the  vehicle  external 
configuration  must  be  specified  for  a  heat  flux  value  in  space  to  be 
meaningful.  The  shapes  considered  in  this  study  include  the  sphere,  hemis¬ 
phere,  cylinder,  and  flat  plate.  In  general  any  space  vehicle  shape  could, 
for  praotical  purposes,  be  analyzed  as  an  assembly  of  flat  plates,  making 
it  unnecessary  to  study,  in  parametric  detail,  specific  configurations 
whose  analytical  treatments  are  appreciably  more  complex  than  that  of  the 
flat  plate.  Configurations  other  than  those  mentioned  will,  generally,  be 
in  this  area  of  higher  complexity. 

For  convenience  of  use  only  the  thermal  radiation  heating  data  which 
has  been  calculated  for  the  above  configurations,  is  plotted  in  reference 
to  the  earth.  To  use  these  curves  for  a  vehicle  in  the  proximity  of 
another  planet  it  is  only  necessary  to  correct  the  altitude  being  .•considered 
to  an  equivalent  earth  altitude  by  multiplying  it  by  the  earth  to  new 
planet  radius  ration  a.s  gi'on  in  Table  1,  and  using  the  appropriate  planetary 
thermal  radiation  value  (it)  in  the  ordinate  term. 


a.  Flanetary  Thermal  Radiation  to  a  Sphere 

For  a  spherical  body,  the  geometrical  relationship  shown  in  Pig.  ?. 
The  radiant  heat  flux,  incident  to  a  sphere  of  radius  r,  from  the 
element  of  planet  surface  ds  is 


(S) 


where 

determined 


- 

by  0< 


i  a 


the  energy 


radiat  ed 


in  the  di rection 


« 
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Then: 


It  ^ 

r 


(4) 


Uaking  the  following  subetitutione: 


H  ^  h 


(s) 


Corj  oc  - 


H 

f 


(6) 


(7) 


-  c^r^-e- 


(«) 


4. 


<*»• 
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The  total  incident  heating  ra«e  from  the  planet  to  the  sphere  is. 


ftfcoolg— E,^  J A 

(^*+ H'^-ZEHcKwe)" 


(») 


which  after  integration  and  substitution  of 


yields. 


(10) 


Figure  3  shows  the  walue  which  is  the  planetary  theraal 

radiation  to  a  sphere  per  unit  of  great  circle  (or  projected)  area  and 
per  unit  of  surface  thermal  radiation,  as  a  function  of  the  altitude  abowe 
the  earth  surface.  The  It  term  is  included  in  the  ardinate  scale 
definition  rather  than  in  the  curve  plot  itself  to  preclude  obsolescence 
of  the  curves  in  the  event  a  more  accurate  value  for  earth  albedo  is 
determined  in  the  future.  At  present  there  is  a  minor  disagreement  amons 
the  data  of  various  investigators  as  to  the  exact  value.  The  0.40  value 
given  in  Table  1,  appears  to  be  the  most  likely  value  at  present. 


t 


* 


b.  Planetary  Thermall  Ila'fla.a'ti  oti  tio  a  C^limAcr 

Far  a  cylindrical  baitfy,  tba  cionfiigiuraliioin  ia  ab'own  i-n  Fiji-  4»  A 
new  wariaMe,  the  attilnde  of  ilhe  cylinder  wil)h  reaped  i®  (tbe  planet* 
defined  by  the  angle  «  haa  te  be  cenaidcred* 

The  radiant  heat  flax  incident  te  the  lateral  atirface  of  a  cylinder 
of  dianeter  B  and  length  L  frcn  the  elenent  ®f  planet  anrface  do  ins 


TTf^ 


f(ii) 


where  D  L  ain  ^  la  the  prajectinn  ®f  the  cylinder  anrface  aa  aeen 
fron  da  «  and  It  tXy/HT  is  the  energy  radiated  in  the  di  recti  an  t3C» 
The  valnea  of  H*  Cer*^f)C  ^  da  and  are  given  again  by  equatien  ts| 

throngh  (s) 

The  walne  of  ain  ^  in. 


(IT) 


where 


*0^  U  - 

f 


S4^  i  - 


(13) 


I* 

J 


I 


(14) 


^0- 

4M’ 
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Afler  aubatltuti nm  and  aoise  al|{«braic  nani pulatinn,  the  total  incidont 
h-eat  flu*  frna  the  planet  to  the  cylinder  can  be  written  aa: 


^ »  2.DLXf^  I  I 


jJ  A  +  2»QrN3  J  &cJl^ 


(16) 


3’  2E’’i»W^«:«3d-S**.i('£00>'-2eHs<^d'a’*»2^£i>-57y. 


(17) 


(18) 


The  expfeaaion  cannot  be  integrated  analytical ly ;  a  nuaericml 
inte^^ration  io  required^  To  perform  this,  and  other  numerical  Integra- 
tiona  awntioned  later  in  the  report,  the  aolutionn  were  projjrammed  on  an 
automatic  digital  computer.  The  results  are  plotted  in  Fi«.  5,  idiere 
the  values  of  q/Dllt  are  given  as  a  function  of  the  altitude  above  the 
earth  surface  h.  with  the  attitude  angle  as  a  parameter. 

To  apply  these  curves  to  a  vehicle  in  the  proximity  of  a  planet 
other  than  earth  the  same  procedure  and  correction  term  as  given  for 
the  case  of  the  sphere  and  as  listed  in  Table  1,  may  be  used. 


<€ 

*> 


/ 


4^ 
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c.  Planetary  Thermal  Radiation  to  «  Heniiaphere 

For  a  hemispherical  body,  the  conf  i  Kurii  t  i  on  is  shown  in  Fit?. 

The  orientation  parameter,  ^  for  the  hemisphere  altliough  similar 
to  that  for  a  cylinder,  must  assume  values  throughout  IRO®  since  the 
hemisphere  is  only  symmetrical  about  one  orthofional  axis. 

The  rmdiant  heat  flux  incident  to  the  hemispherical  surface  of 
radius  r  from  the  element  of  planet  surface  ds  is; 


j/gir Xt U  c/s 


(19) 


mhere  /sL  *Tr  r  ^  ^  i)  is  the  projection  of  the  hemispherical 

aurface  aa  seen  from  ds  and  X-t  C^'OCC  *®«**liy  _ 

radiated  in  the  direction  OC  «  The  values  of  E^CC^OC  ,  ds  and  ^ 
are  given  again  by  equations  (5)  through  (B).  ^ 

The  value  of  OCTO  A  ia 


A  ^  J  Coo  jT  -h  S  Siit  ^ 


(20) 


where  S  and  S^r»  i  are  as  defined  in  equations  (l3)  and  (14)« 

After  substitutions  and  algebraic  manipulation,  the  total  incident  heat 
flux  from  the  planet  to  the  hemispherical  surface  can  be  written  as 


1 


=  r  (  de-Jf 

T  ^-db 

(H  cog  9-  &■  (A  4  &  <^) 


(21) 


J 


O 


s 


tl 

Alk- 
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where 

^  ■  H  ^ 

®  -  R^tJyi  ^  ^ 

The  first  term  of  the  integration  may  be  performed  analytically  to  give  the 
heat  flux  as  follewa, 


If  *6^ 


t 

The  second  term  was  integrated  numerically.  The  results  are  plotted  in 
Pig.  7,  where  the  gemetric  factor  is  given  as  a  function 

of  the  altitude,  h,  above  the  earth's  surface  with  the  attitude  angle 
as  g  parameter.  These  curves  may  be  used  for  other  planets  as  explained 
for  the  case  of  the  sphere. 


j 
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O' 

d.  Planetary  Thernal  Radiation  to  a  Plat  Plate 

For  a  flat  plate  a  eiailar  integration  nethod  nay  be  need.  Hev- 
eirer,  a  nuch  ainilar  solution  cai.  be  found  by  resorting  to  a  geonetrical 
nethod  of  obtaining  the  view  factor* 

It  can  be  proved  that  the  view  factor  of  a  surface  fron  a  snail 
flat  plate  can  be  geonetrical 1y  deternined  as  follows.  The  surface  is 
projected  fron  the  viewing  point  onto  a  sphere  having  i<s  center  at  the 
viewing  point.  The  inage  on  the  sphere  is  then  projected  onto  the  plane 
of  the  snail  flat  surface.  The  view  factor  is  then  determined  fron 


g  area  projected  on  plane 

If  m  —  ■  n  I.I  I  ■  ■  .1  !■ 

where  p  is  the  radius  of  the  sphere. 

For  our  case  the  surface  is  the  region  of  the  planet  which  the  flat 
plate  can  see,  and  the  radius  of  the  sphere  is  taken  as  the  distanen 
between  the  plate  and  the  tangency  point  T,  as  shown  in  Fig.  6. 
f 

dh  The  general  ease  is  that  in  nhieh  the  plane  of  the  plate  intersects 

the  planet*  and  will  be  analysed  first. 

The  area  of  the  circular  segnent  Aj  is: 


--  TT  <i^cO$  _  0>t  (25) 

1  3^  z 


To  obtain  the  walne  of  fcAj 


(24) 


(25) 


••  t* 


(26) 


t 
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• 

(27) 

s>'>  ■©■„  = 

(28) 

hi-yc  *  f^/n 

(2«) 

b- 

Hix^2r< 

(30) 

d  ^  p  caro  -Q^  = 

mO  -£- 

"  H 

(31) 

CO  f  •  *  -  2  sm 

-1 

(32) 

A«d  Si*tc^  p  ~  Jff  ^ 

(33) 

(34) 

Th«  ar«a  A|  ia  aubatracteil  Troai  to  giro 

Th«  area  of  the  circular  aegnent  A3  ia: 

Z 

(3S) 

I 

f 


■*> 
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For  a  similar  way  as  for  6L)^  it  cnn  bo  found  that: 

--  |go^  -  2 


(36) 


Then,  projectins  the  areas  A2  and  A3  on  the  plane  of  the  flat  plate, 
and  dividing  the  sum  of  their  projections  hy  77* view  factor 
is  obtained* 

The  resulting  expression  ioi 


J _ 

3CeO 


I 

3CsO 


A  much  simpler  expression  is  obtained  when  the  plone  of  the  . 

plate  does  not  intersect  the  planet*  In  that  case,  A  |  '  •  O  IMI 

Then: 
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In  either  case,  the  total  heat  flux  from  the  planet  to  the  flat 
plate  is  given  by: 

^  •=.  r,,.  F  P  (3«) 

where  P  ia  the  area  of  the  pfate.  Figure  9,  shows  a  plotting  of 
the  thermal  radiation  to  a  flat  place  as  a  function  of  altitude  with 
the  attitude  angle  It'  as  a  parameter.  Again,  to  apply  these  curves 
to  planets  other  than  the  earth,  the  procedure  given  for  the  sphere  may 
be  used. 

III.  Planetary  Albedo 

As  mentioned  earlier  in  the  renort,  planetary  albedo  is  the  ratio  of 
reflected  to  total  incident  solar  radiation.  As  such,  the  units  of  the 
term  albedo  are  unity,  however,  as  the  expression  has  been  being  brought 
into  discussions  more  and  more  frequently  in  recent  years  it  ia  now  often 
being  used  to  mean  the  reflected  energy  itself.  Whatever  the  final 
precise  definition  of  the  term,  it  clearly  differentiates  the  portion  of 
the  incident  solar  energy  which  ia  reflected  by  the  planet  from  that  which 
ia  absorbed  and  reradiated* 

The  average  albedo  for  planets  located  up  to  10  astronomical  units 
from  the  sun  is  known  with  reasonable  accuracy,  the  value  for  the  earth 
being  the  least  accurate.  Extreme  values  of  .29  to  .52  for  the  earth 
are  considered  acceptable  for  specific  times  due  to  daily  as  well  as 
seasonal  variations  in  cloudiness  and  surface  conditions.  The  value  of 
0.40  has  been  selected  as  a  likely  average  and  is  given  in  Table  1. 

This  value,  which  has  been  frequently  used  in  the  past  may  be  superseded 
in  the  future  by  a  number  closer  to  .36  which  has  been  recommended  by 
Dr.  Sigmund  Fritz  who  has  compiled  a  number  of  recent  measurements  made 
in  diverse  areas  of  the  world  under  varying  weather  conditions.  The 
current  satellite  programs  will  undoubtly  provide  a  highly  refined 
evaluation  of  this  in  the  future. 

At  distances  greater  than  about  10  astronomical  units  from  the 
sun  the  accuracy  of  the  planetary  albedo  falls-  off  significantly,  due 
to  the  very  small  magnitude  of  the  reflected  energy. 

To  permit  a  parametric  analysis  of  the  solar  energy  reflected  from 
a  planet,  the  same  assumption  which  was  made  for  thermal  radiation;  viz. 
a  uniform  planet  surface  with  regard  to  radiation  characteristics,  will 
be  made.  It  is  further  assumed  that  the  planet  surface  reflects  diffusely 
i.e.,  it  obeys  Lambert's  law.  While  these  assumptions  may  not  be  entirely 
accurate,  particularly  for  the  earth  where  large  bodies  of  water  exist; 
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their  «ae  can  in  general  he  f  ul  fy  .jaht  i  f  i  ed  by  consideration  of  trajcctorietf 
orbits  and  velocities  »hich  the  vehicles,  that  are  being  used  in  the 
analysis^  will  ex]ierienee. 

Based  upon  these  aasuwptions  it  is  clear  that  the  reflected  energy 
will  have  a  cosine  distribution,  not  only  with  respect  to  the  angular 
radiation  from  a  given  area,  hut  over  the  sunlit  surface  of  the  planet 
as  well.  This  considerahly  complicates  the  problem  over  the  case  of 
thermal  radiation  with  the  result  that  a  direct  analytical  solution  is 
not  awailalile  even  for  the  case  of  a  spherical  vehicle,  and  for  the  caaoa 
of  vehicles  other  than  a  sphere  the  number  of  computations  is  greatly 
increased  due  to  the  increased  number  of  variables.  The  result  is  that 
some  97  pages  of  curves  are  neceasary  to  adequately  describe  reflected 
heating  to  the  sphere,  hemisphere,  cylinder  and  flat  plate  which  were 
used  in  the  thermal  radiation  aoalysea.  As  a  consequence  of  the  hulk 
involwed,  these  alhede  heating  data  curves  are  being  published  aa 
Supplement  '"A'"  te  thi*  report,  while  the  same  data,  in  tabular  form, 
especially  useful  aa  computer  program  input  tables  are  being  published 
as  Supplemeat  ’"B*. 

As  in  the  case  of  the  thermal  radiation  analyaia,  the  heating  data 
ia  platted  in  reference  to  the  earth.  Also,  the  data  may  be  used  far 
vehicles  in  the  prcaimity  of  other  planets  by  applying  the  same  radius 
ratio  correction  terms  to  obtain  an  equivalent  earth  altitude,  and  then 
using  the  appropriate  ordinate  multiplying  factor  given  in  Table  1.  This 
factor  takes  into  account  the  albedo  and  solar  heat  input  to  the  planet 
conaidcred. 


a.  Albedo  Radiation  to  a  Sphere 

Considering  tbe  reflected  (or  albedo)  heat  flux  incident  to  a  sphere 
in  space,  the  most  general  configuration  is  given  in  Fig.  10.  As  in  the 
case  of  thermal  radiation,  this  heat  flux  to  a  sphere  of  radiua  r 
from  the  element  of  planet  surface  da,  is: 


-  — r — 

where  I  nc  “  XTy  ^  /tt 
of  reflected  solar  radiation  in  the 
the  total  reflected  energy  per  unit 


(40) 


is  the  fraction 

direction  determined  by  0<C  .  It  is 

of  planet  surface,  and  ia  given  by: 


X|r  =  So. 


(41) 
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Where  S  is  the  direct  nnlar  heat  flux  normal  to  the  sun  direction, 
a,  the  albedo  and  ^  the  angle  between  the  vertical  to  the  planet 

surface  at  ds  and  the  direction  to  the  sun,  as  shown  in  Pig.  10.  Then, 


Ji a  •=.  S ^  ^ 


t>c  j  p  **  are  given  by  (fi),  (7),  and  (S). 

The  value  of 


4-  S//»  C^-0  ^ 


where  i*  '^he  angle  between  the  heated  body  and  the  sun. 

Substituting  these  expressions  in  (42)  and  integrating  for  and 

4  can  be  obtained.  However,  careful  consideration  has  to  be  girea 
to^the  liaits  of  integration.  Two  cases  should  be  considered,  as 
illustrated  in  Fig.  11.  The  first  one  occurs  when  the  region  of  the 
planet  seen  from  the  satellite  is  completely  sunlit.  This  condition  can 
be  expressed  as  ),  and  the  limits  of  integration 

are  O  and  *^^for  ,  O  and  for  P  (the  integral  with  respect 

to  ^  is  multiplied  by  2).  When  the  region  of  the  planet  seen  fron  the 
satellite  is  only  partially  sunlit  (  ) ,  a  variable 

upper  limit  for  ®  has  to  be  introduced.  It  is  convenient  to  perfora 
the  integration  tor  two  regions-  the  first  region  (labeled  CD  i  n  the 
figure)  is  totally  sunlit,  and  the  limits  are  O  to  for 

o  to  JT  for  ra  The  limits  for  region  are 

for  ^  and  S  to  7^/^  -h  64^^^ 

tor  (P  .  This  variable  limit  can  be  oblained  as  follows.  From  Fig.  11, 
it  is  immediate  that 


(44) 
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Also 


fLcor-o  O’ 


(45) 


.„d  '-2^ - - 

R,S//>0-  ®  I' 

Th.r.tor.  ^ 


Finally  by  addin*  the  integrals  over  regions  /  and  2,  the  total  solar 
radiation  reflected  by  the  planet  incident  upon  the  sphere  is: 


f 


f-  (  f  -le. Y<ar3 0^€^Oi, 


48) 


This  equation  holds  for  ^ 

term  of  (48)  disappears  and  the  lower 

term  becomes 


For  the  'first 

lower  limit  on  ^  of  the  second 


Integration  with  respect  to  ^ 


1  B 


immedia4e(  not  so  with  respect 
.A-  which  requires  a  numerical'  method.  Figure  12  shows  the  value 
^  which  is  the  heat  flux  to  a  sphere  per  unit  of 

wreat  circle  (projected)  area  per  unit  of  reflected  aoj«>'  radiation;  as 
I  function  of  altitude  above  the  earth  surface,  with  as  a  parameter. 


to 

of 
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h.  Albodo  to  a  Cylin«1er 

Like  the  eolution  for  albedo  to  a  sphere,  the  albedo  to  a  cylinder 
is  computed  by  a  similar  numerical  method,  however  the  integrand  is 
more  complex  since  two  additional  parameters  defining  the  attitvdc  ef 
the  cylinder  must  be  included.  The  iteneral  configuration  is  shown  in 
Pig.  13. 

The  radiant  heat  flux  incident  to  the  cylinder  lateral  surface  ef 
diameter  D  and  length  L  due  to  reflected  solar  energy  from  the  elemfat 
of  planet  surface  ds  is: 


(40) 


where  X^COQ.cCyjf"  is  the  fraction  of  rdflected 

solar  radiation  in  the  direction  determined  by  OC  .  I  ^  is  the  total 
reflected  energy  per  unit  of  planet  surface,  and  is  given  hy  eiquatien  (4l) 
where  S  is  the  direct  solar  heat  flux  normal  to  the  ann  directiaa*  a 
is  the  albedo  and  ^  is  the  angle  between  the  normal  to  the  plaaet 
surface  and  ds  and  the  direction  to  the  sun  as  shewn  in  Fig.  13. 

« 

DL  St/l'V  A  is  the  projection  of  the  lateral  surface  of  the  cylinder 
as  seen  from  ds.  With  the  symbols  defined^ the  elemental  incident  flmx 
to  the  cylinder  may  be  writtea 
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*f;her«  %  an  dpTinod  in  pqiiation?  (l^)  and  (id). 

Thip  atig3«  Me  ia  one  oT  Ihe  altitude  parameterB  beinK  the  angle  of 
rotation  of  the  cylinder  axia  about  a  vertical  to  the  cylinder. 

n  O  trhen  the  axie  liep  in  the  plane  containing  the  earth-  ' 
sylandser  xnector  and  the  earth-ann  vector.  The  angle  ia  the 

nther  attitude  pairaineter  being  the  angle  between  the  vertical  to  the 
(Cylinder  and  the  axle  of  the  cylinlfer. 

The  -value  of  may  be  expreaaed  aa  given  in  (‘13),  where 

is  a*  defined  for  albedo  to  a  aphere  and  may  be  referred  to  aa  the 
aenith  diatance  from  the  vehicle  to  the  aim  and  -(^"and  ^  are  the 

vnriaMea  of  integration.  After  aubatitiition  and  integrating  with 
reajpect  to  i^»  and  ^  q  can  be  obtained.  Again  aa  in  the  eaae  of 

a  aiphere  two  caaea  ahtnuld  be  conaidered,  the  firat  being  when  the  entire 
area  of  the  planet  aeen  from  the  evlinder  ia  aunlit,  and  the  second 
being  wihen  the  area  ia  only  partially  aunlit,  i.e.,  the  aatellite  ii*n 
aee  a  pnrtinn  of  the  terninator ,  in  which  caae  a  variahle  limit  for  0 
in  required  and  ia  again  given  by  (47).  Recognizing  symmetry  about  the 
plane  C(ontaining  the  earth-vehicle  vector  and  the  earth  aun  vector 
total  reflected  solar  heat  flux  from  the  planet  incident  on  the  cylindri- 
(cal  surface  can  he  written  for  <  14  aa: 


vv*vei?e.  —  •fl-coud' 

C  -  _ 


—  Z  K.W  crrwsi  ccrO^ 

+^12,*  ^  ^  ccrD'&rarolj^  -  (P^  -  ^ 5^ 

E  m: 


i 


KRK-AX-016 
Page  22 


When  ~ 

and  integration  occurs  over  only  one 


the  integration  limits  change 
zone  with  limits  given  as  follows 


T 


-A  &-C  & 


(53) 


The  heat  flux  integrals  (52)  and  (53)  have  been  integrated 
nunerically  en  an  IBU  704  computer.  The  results  are  displayed  as  the  . 
geometric  factor.  y  Di,^  OL^  *  function  of  altitude  with 

zenith  distancet  •  angle  between  the  vertical  to  the  cylinder  and 

the  cylinder  axis  and  angle  of  rotation,  (p^  •  axis  ef 

the  cylinder  about  the  vertical  to  the  cylinder  referenced  to  the  plane 
containing  the  vertical  and  the  earth-sun  vector  as  the  three  parameters . 
This  ^aphical  presentation  required  22  sheets^ each  for  a  constant  ^ 
and  and  are  presented  in  Supplement  A.  The  values  considered  for 

the  attitude  parameters  were  ••0*,  30”,  60*,  and  90*  and  simnl- 

taneously  >  0",  30*,  60”,  90*,  120*,  150*,  and  180*.  The  parameter 

need  only  be  considered  to  90*  as  the  cylinder  has  end-for>end 
symmetry. 


The  geometric  factors  computed  for  the  earth  may  be  applied  to  other 
planets  by  applying  the  radius  ratio  correction  term  and  ordinate  multi¬ 
plying  factor  of  Table  1,  as  described  for  albedo  to  a  a  sphere. 


c.  Albedo  to  a  Hemisphere 


The  solution  for  albedo  to  a  hemisphere  is  very  similar  to  that 
for  a  cylinder,  the  two  major  differences  being  that  the  expression  for 
the  projected  area  of  the  hemisphere  with  respect  to  ds  is  somewhat 
different  and  that  values  of  2^  from  0  to  180  must  be  considered  as 
end— for-end  symmetry  is  not  present.  The  general  configuration  for 
albedo  to  a  hemisphere  is  shown  in  Fig.  14. 
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The  radiant  heat  flux  incident 
radius,- P  ,  due  to  reflected  solar 
is: 


to  the  hemispherical  surface  of 
enorgy  from  the  planet  surface,  ds 


Vg  TT  0  I  <x  ^5 

r  “ 


(54) 


where  TTk  is  the  projected  area  of  the  henispheri- 

cal  surface  as  seen  from  ds  and  the  reoaining  symbols  are  as  defined 
for  a  cylinder.  Recognizing  the  symbols  of  (54)  to  be  defined  the  same 
as  for  a  cylinder,  the  elemental  Incident  he^t  flux  to  a  hemisphere  may 
be  writtei} 


TT  So.  u>^/3  co^  oc  c(ro/^ 


is  giren  by 


(66) 


Ccro  A  -s  S  +  ^4^  ^ (j^  '^0 


(6S) 


with  the  terms  defined  as  for  the  cylinder  solution* 

CO^  is  again  given  by  equation  (43) 

OC  J  p  given  by  (fi),  (?),  and  (8). 

The  integration  techniques  and  limits  are  as  defined  for  albedo  to  a 
cylinder.  The  total  reflected  solar  heat  flux  from  the  planet  incident 
on  the  hemispherical  surface  can  be  written  -for 
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•-r 


r 


=  r'SocR.’ 


%  V  TT 

A‘g>  C  F) 

£*• 

‘--'o  -'o 


(57) 


i 


where 

A  -  H^s^-R 

B  . 

C  - 

E  -  (L'  +  H^-za«c^>^e-  M 


When  +^*0  the  heat  flux  to  the 

heniaphere  is 


1  A'&'C  C.^'^'P)  J(&-Ji(b 

\  E*- 

-^o 


(5») 


The  heat  flux  inte^^rala  (57)  and  (58)  have  been  integrated  nuacri- 
cally  on  an  IBM  7090  computer.  The  results  are  displayed  as  the 
geometric  factor  ^/iT^'^CL.  *®  ®  function  of  altitude  with  the 

three  angles  ^  JT^  and  ««  parameters.  This  graph^al 

presentation  required  1^7  sheets^each  for  a  constant  if'  and  and 

are  presented  in  supplement  A. 


0 
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Th«  values  considered  for  the  attitude  parameters  were  ■  0*,  30*, 

60®,  90®,  120®,  150®,  and  IRG®  and  simultaneously  0c,  ^  ♦  80®, 

90®,  120®,  150®,  and  180®. 

Again  the  geometric  factors  computed  for  the  earth  may  be  applied 
to  other  planets  by  applying  the  radius  ratio  correction  term  and 
ordinate  multiplying  factor  of  Table  1 ,  as  described  for  albedo  to  a 
sphere. 


d.  Albedo  to  a  Flat  Plats  - 

Considering  the  albedo  heat  flux  incident  on  one  side  of  a  flat 
plate  in  space,  the  most  general  configuration  is  given  in  Fig.  15, 
Development  of  the  integral  tabes  the  same  form  as  that  for  a  cylinder 
or  a  hemisphere*  The  heat  flux  incident  to  a  flat  plate  of  area,  Ip  , 
from  the  element  of  planet  surface,  do.  Is: 


r 


(St) 


where  is  the  projected  area  of  the  plate  as  seen  from  do. 

Recognizing  the  remaining  symbols  to  be  defined  as  for  a  cylinder  (59) 
may  be  written  as 


CCrpjB  A  gis 

are  given  by  (6),  (T), 


and  (8) • 


(80<) 


^  is  again  given  by  equation  (43). 

given  by  equation  (58)  with  the  terns  defined 
as  for  the  cylinder  solution.  The  total  reflected  solar  heat  flux  from 
the  planet  incident  on  the  flat  plate  can  he  written  as  an  indefinite 
integral*  ^ 
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PS^g^ 

ir 


A  *  e>  -  c  •  0^  4  f) 
B  ^ 


(«i) 


where  A,  B,  C  and  E  are  as  defined  for  a  cylinder 

?  -  y  O-  oo^ 

G  -  -  IZ.Ctf-0 

The  problem  of  limita  for  the  integration  of  (ftl)  is  sererely  compli¬ 
cated  by  the  fact  that  the  plane  of  the  flat  plate  may  ent  off  portions 
of  the  sunlit  area  of  the  planet. 

The  limits  considered  are  discussed  with  respect  to  the  computer 
solution  of  equation  (61).  Two  major  conditions  are  considered,  one  is 
if  the  flat  plate  sees  the  sunlit  surface  of  the  planet  with  the  plan* 
in  which  it  lies  not  cutting  any  portion  of  the  sunlet  area,  the  other 
is  if  the  plane  of  the  flat  plate  cuts  the  sunlii  area.  If  the  plane 
does  not  cut  the  sunlit  area,  two  conditions  may  be  inwolwed.  Either 
the  plane  sees  a  full  sunlit  zone,  i.e.,  does  not  see  the  terminator,  in 
which  case  equation  (6l)  becomes 


TT 


(62) 


«f  ■ 
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Oi'  the  plane  aees  J)art  of  the  terminator  in  which  case  when 
(62)  hecones 


Z 

%^—T— 


asc-6^+p) 


+  r  (  A-e>  c^6S-HF)J^^^  <"> 


when 


’%-Si-b 

1J4  4-&s-i= 


^  2PSa^R' 
TT 


r^ei. 

A-SC-C<^»F>J6.JA 


(64) 


The  problem  becomes  more  complex  when  the  plane  cuts  the  sunlit 
area  as  the  limits  of  ^and  are  determined  by  more  complex  equations. 

If  the  plane  cuts  the  sunlit  area  but  the  plane  does  not  see  the 
terminator,  equation  (6l)  becomes  for  -^3  i 


i 
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where  was  deterained  fr«a  the  equatioa 

71^  =  St/n  )  ^ 


Nrfc»-vy 


212.H£^r9e.. 


by  the  Newton-Raphson  iteration  procedure  for  determining;  roots.  For 

is  |riwen  by  equation  (65)  with  the  first  inteigral 
tern  elioinated.  It  should  be  noted  that  for 

i.e.,  the  plane  surface  does  not  see  the  earth.  i 

A  number  of  forns  of  the  equation  (6l)  are  possible  if  the  plane  of 
the  flat  plate  cuts  the  sunlit  area  and  also  sees  a  portion  of  the 
terminator.  For  the  case  where  the  plane  of  ihe  flat  plate  for  ei 

intersects  the  terminator  in  two  points(0-a.  .^.lamdlA^ .^.lAnd  -^^and 

>  ^4  equation  (61 )  becomes  ^  ^ 
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«lh«r«  weT«  delemined  by  the  Newton-Raphson  method  from  t.h« 

followi-ns  ««iuatio-n«,  r'Oapeotiv^ly* 


and 
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-  W  d-^-Si)  -  <pc- 

For  two  conditions  may  be  consi dereri.  If 

equation  (fil)  beconea 


(69) 


i 


PSa.  R'' 

TT 


"  A±£^1I) 


-h 


^  r 


;eHH^-2e«ciod-> 


,1=3, 

+  \  I 

+  r  f  A-e-a^*p') 

•<&,  ■  (fa.  -I-  5^^-  ^ 

+  f  (  AsP-c-C^-^f),  j^j(p 
^■&3  -I 


(70) 


•d^ia  deternined  by  equation  (fiO) 

^Lia  determined  by  the  following?  equation 

* 


^3^ia  deiermineo  oy  me  ^ 

T  H'^-zeHcaoejJ/ 

L  *■^  3^  J 

If  IP  limits  change  somewhat. 


_  PS>a.Z'‘ 
T 


r/'ft’/'if 


'  A±£^j0cl<l> 


4»- 


For  tho  case  whore  the  '*lane 
in  one  point  (<f>^  t’&A  )  ani< 


fie 
e"«ia1  i  ef) 


the  f!;ii  niate  :  nter«eris  the 
e  1  rr  i  e  «*e  f  i  ned  hy  ^  ^  i  n 
( <*1  )  he  rone  a  ** 


f orwinafer 
one  point. 


i 


PSaR 


IT 


A  C? 


■'-IT 


-  ,  -  p  _ Al'J 

.rr  ^ 

(  A-a'gft.F) 

'.  -IS-*! 


[^-o- 

M&JI\  fl 

L  )\ 

where  ^4  i.  dcteniincd  axain  hjr  equation  (tlA)> 

Far  ^TT  twa  eanditiona  are  again  eoaaiicrad. 

If  equation  (dl)  heennea  the  aane  aa  (70)  etceapt  the 

laat  tern  ia  aliainated  and  the  upper.  Halt,  far  the  fourth  tera 
ia  replaead  hj  ^ 


If  ^/x  equation  (<ll)  becoaeo  the  aaaa  as  (72)  exeapt  the 

laat  tera  ia  aliainated  and  the  upper  liait,  f  for  the  fourth  tara  la 
replaead  hy 


(73) 
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For  the  cnee  where  the  plane  of  the  flat  plate  interaecte  the.  circle 
defined  "hy  “©iin  two  points  m  ,^o) 

eqiuiitioin  (fil)  ’becnnea  the  aame  oe  e<inntinn  (70)  with  the  laat  term 
eJimanated  and  the  upper  limits  of  the  third  and  fourth  terma  replaced 
’by  1^0  -  I'o*'  equation  (Ol)  becomea  the  anme  aa  equation  (^2) 

with  the  laat  term  eliminnted  and  the  upper  limits  of  the  third  and  fourth 
terms  replaced  hjr 

F«r  a  similnr  atep  procedure  in  the  integration  of  equation 

((tJl)  nuat  he  used  and  followa  the  name  method  aa  aet  forth  for  ^^^2. 
mii.a  will  not  he  dame  h«r«« 


Some  difficulty  ia  encountered  in  determining  when  the  plane  of  the 
fl.st  plate  cnta  th«  sunlit  region  in  the  vicinity  of  the  terminator.  For 
a  girem  01^  and  h  to  determine  whethi  r  intersection  of  the  plane  and 
temimator  oicc'ure.t  the  for  the  plane  with  to  be  tangent  to 

the  terminator  was  oalculated 


X- 


) 


(74) 


s*«r«  “"^1%* 

The  msslmnra  possihle  without  interaection  with  the  aunllt  area  was 
then  cslcnlatsd.. 


(75) 


to  thi*  point  is  a  that  is  cslculated  froa 

(76) 

For  a  given  the  limiti ng for  intersection  of  the  plane  of  the 

flat  plate  with  the  terminator  was  calculated  from 

This  ia  not  an  exact  determination  of  the  for  tnngenry  of  the  plane  of 
the  plate  with  the  terminator  circle  however,  the  error  introduced  is  small. 
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The  heat  flux  integralfl  aie  heins;  inteKratod  numerically  on  an 
IBM  7090  computer.  The  resulta  will  be  displayed  in  Supplement  A 
as  the  ueometrio  f  act  or{^/pS^^  '*  function  of  altitude  with  the 

three  anRlea,  Vc  parameters.  A  number  of  sheets  will  be 

required  to  fully  display  the  data.  Each  sheet  will  be  for  a  constant 
^  and  * 

The  albedo  data  for  a  flat  plate  is  also  useful  in  determinin* 
albedo  to  an  irregular  surface.  The  irregular  surface  may  be  approxi¬ 
mated  by  a  series  of  flat  plates  and  the  albedo  input  is  obtained  by 
summing  the  individual  values  for  each  of  the  flat  plates. 

Aa  for  the  other  shapes  considered  the  flat  plate  geometric  factor! 
may  be  applied  to  other  planets  using  the  correction  factors  of  Table  1. 


IV.  Use  of  Natural  Environment  Data 
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As  can  be  seen  from  the  forejtojnc  sections,  the  curves  presented 
in  Supplement  A  or  the  data  tabulated  in  Supplement  D  Rive  a  complete 
mapping  of  space  thermal  radiation  environment  throuRliout  the  solar 
system.  The  data  can  he  used  directly  to  Rive  the  total  external  heat 
load,  comprised  of  direct  solar  radiation,  planetary  alhedo  and  thermal 
radiation,  to  a  vehicle  of  a  spherical,  hemispherical,  cylindrical,  or 
flat  surface  shape  located  any  where  in  apace.  In  addition,  any  other 
shape  can  he  evaluated  by  cembininR  these  shapes  and/or  building  up  a 
composite  of  flat  surfaces  to  closely  approximate  the  desired  vehicle 
Ceometry. 

It  may  be  noted,  that  for  distances  from  the  planets  greater  t^’an 
three  diameters,  the  alhedo  and  thermal  radiation  loads  drop  to  about 
one  percent  or  leas,  of  their  values  close  to  the  surface.  Consequently, 
beyond  these  altitudes,  these  factors  can  for  practical  purposes 
generally  he  neglected.  This  fact,  coupled  with  the  increasing  influence 
of  planetary  shadowing  of  solar  radiation  at  low  altitudes,  makes  the 
thermal  analysis  of  close  satellites  more  complex,  by  far,  '^han  for  the 
case  of  interplanetary  space. 

The  curves  given  in  Supplement  A  are  intended  for  use  when  manual 
computation  is  involved  and  to  provide  a  pictoral  comparison  of  the 
effects  of  changes  in  the  variables  controlling  the  heat  loads.  The 
tabulations  given  in  Supplement  B  are  intended  for  use  as  computer  input 
data  for  automatic  digital  computers.  It  is  expected  that  a  trajectory 
program  will  he  used  to  determine  vehicle  position  and  orientation  in 
space  as  a  function  of  time,  and  the  incident  radiation  can  then  bo 
automatically  computed  usiag  the  table  look-up  data  and  the  vebiclo 
geemetry. 
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B.  Induced  Therael  Environaent 


For  purpoaes  of  this  report,  the  induced  thermal  environaent  con¬ 
sists  of  the  thermal  conditions  imposed  upon  the  vehicle  due  to  the 
operation  of  the  vehicle,  its  crew  and  equipment.  It  includes  the  heat 
loads  generated  by  communication  systems,  vehicle  guidance,  attituda 
control  and  propulsion  equipment,  personnel  and  ecological  sys*teaa,  and 
whatever  additional  equipment  and  instrumentation  are  required  for 
performance  of  the  required  military  or  scientific  task. 

In  the  case  of  heavily  instrumented  vehicles,  this  induced  environ- 
nent  can  become  a  most  important  factor  in  the  thermal  analysis  of  the 
vehicle.  It  may,  in  fact  become  a  prime  factor  in  determining  the 
vehicle  size, conf igurati on  and  surface  condition,  as  the  heat  must  be 
dissipated  if  safe  operating  temperatures  are  to  prevail.  Consequently, 
in  establishing  a  basis  for  the  study  of  environnental  control  techniques, 
an  investigation  into  the  induced  heat  leads  which  nay  be  expected  in 
future  space  craft  is  fully  warranted.  Unfortunately,  however,  due  to  the 
uncertainty  of  future  space  vehicle  demands  and  the  continnonsly  and 
rapidly  changing  state  of  the  art,  such  sn  investigsftion  must,  at  best, 
be  only  very  generalised  in  nature.  The  study  given  in  this  report 
describes  she  major  sources  contributing  to  the  vehicle  induced  heat  lead 
as  they  appear  currently,  with  a  discussion  of  the  thermal  eontribntion 
which  they  nay  be  expected  to  make  in  the  future. 

Three  basic  types  of  eonnunicati on  systens  are  considered  necessary. 
Coded  tra'.'snission  will  require  the  snbllest  power  supply.  This  pswer 
will  be  increased  approzinately  one  hundred  tines  for  voice  transmission 
and  about  one  hundred  thousand  tines  for  television  transmission.  Each 
will  have  a  power  supply  requirement  varying  as  the  square  of  the  distance 
along  which  the  signal  is  transnitted.  (Based  on  this,  it  nay  be  general¬ 
ised  that  the  heat  radiating  sections  of  a  vehicle  should  have  linear 
dimensions  roughly  proportional  to  the  distance  of  transmission).  It  is 
clear  then,  that  transnis^rion  system  power  supplies  may  well  vary  from 
one  to  millions  of  watts  with  a  corresponding  magnitude  of  effect  npen 
the  heat  dissipation  requirements. 

Currently  available  radio  guidance  systems  are  capable  of  placing  a 
package  on  the  moon  with  an  accuracy  of  the  order  of  100  miles.  However, 
applying  these  systems  to  Venus  or  liars  shots,  misses  by  several  thousands 
of  wiles  could  be  expected.  Consequently,  mid-course  and  terminal 
guidance  systens  are  required.  The  complexity  of  these  and  complementary 
systems,  needed  to  provide  adequate  vehicle  spatial  attiude,  to  actuate 
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arnworSf  computers,  prAKrammorn ,  and  a^sncintAd  A(|ui«pmAnt ,  will  rAquir* 

claetrical  paver  far  ftri‘a<er  than  the  average  current  eatinatea  of 

20  vatts  far  unaanned  nalellitea  and  50  watta  for  elemental  manned  vehicle*. 

Power  Hupplics  which  aay  lie  required  for  the  payload  and/or  inotru- 
aentation  equipaent  to  he  ai  1  i t a ry  and  acientific  exploratioa 

vehicles  cannot,  at  pre*ca4j[|H|||||||B«rl y  defined,  due  to  the  uncertainty 
concerning  the  typea  of  required  accuraciea.  About  the 

hest  that  can  he  aaid  i«  moat  part  it  appear  a  that  they  will 

be  deaigned  for  i nteraitteaibpSration,  implying  thnt  their  average  heat 
loads  aay  be  expected  to  he  relatively  low« 

Por  manned  vehicles,  in  space,  the  cahin  must  provide  all  the  physio¬ 
logical  necessities  that  hunaina  find  on  the  grouad.  Vital  requirements 
ef  oxygen,  water  and  food,  and  .*  safe  elimination  or  neutral  izntion  aystesi 
for  disposing  of  metaholic  products  will  demand  electrical  power  which 
will  he  largely  a  fnnction  of  the  over-all  duration  under  spare  conditions. 
The  operational  ecological  system  inclndea  all  the  necessary  units  for 
■aintaining  safe  pressurization  in  the  cahin  as  well  as  continual  control 
ever  temperature,  humidity,  dust,  oders,  microorganisms,  illumination, 
fire  hazarda  and  other  potential  dangers.  MiBsions  up  to  about  one  week 
in  space  could  be  accouplished  efficiently  using  storable  products  for 
■an**  snstenanee,  if  only  two  or  three  men  are  concerned.  For  longer 
periods,  up  to  about  one  aonth,  a  system  of  si  least  partial  regeneratisa 
should  be  used.  This  will  increase  the  over-all  paver  requirement* 

Trips  ef  aere  than  ten  week*  in  the  space  must  have  s  eonpletely  re¬ 
generative  ays ten,  aaking  a  very  significant  increase  in  required  paver. 

Sene  anthers  give  apprezinate  valnea  af  10,  100,  and  1000  watts  per  aan 
as  eatiaates  ef  pewer  required  fer  the  three  nentioned  ecelsgical  systea 
appreachea . 

These  estiantes,  along  with  many  others  in  this  section  of  the  repert 
are  baaed  apon  what  is  considered  to  he  the  heot  currently  availnhle  in- 
faraatien,  hat  even  ae  aaot  ha  takan  to  be  only  approxinstiana,  as  na 
ceaplete  designs  exist  fer  nest  af  the  fntnrc  nissiono.  Many  concapto  are 
still  vagna,  and  the  afficicacy  of  aaot  of  the  oyoteno  to  he  uoed  is  na- 
cortnln  nod  will  uadenhtcdly  be  improved  nany  tinoo  before  their  ntilisatloa. 
As  an  exanple,  eatiaates  ef  the  future  state  of  the  art  in  eonaranicatians 
pravide  valnea  af  alightly  over  300  watts  for  televioion  pictaro  trnan« 
■iooioao  fraa  Haro,  no  conparad  with  the  hundreds  of  milliono  as  shonld  he 
reqnircd  tedny  far  aininnn  pictnra  quality. 

nnnnas  living  in  the  apace  capoule  will  provide  additional  heat  loads 
depending  upon  their  activity  daring  flight.  A  good,  all  day,  aweraga 
estiauite  appears  ta  he  000  Btu/hour-naa.  (lief.  d).  This  is  based  in  part 
en  data  in  Table  2,  which  was  taken  fren  lief.  d. 


As  hns  been  pointed  oikt ,  the  heat  dioeipatien  by  the  vehicle  co»- 
pnnenta  Are  not  lineal  functions  of  specific  crowing  parameters  of  future 
miasiona.  Some  of  them  depending  upon  distance  to  the  earth,  others  on 
the  over-all  duration  of  flight.  And,  of  course,  the  number  of  crew 
members  decisively  effects  the  vehicle  internal  heat  load.  Consequently, 
it  is  clear  that  a  precise  parametric  study  of  induced  thermal  environment 
similar  to  that  generated  for  the  natural  thermal  environment  is  net 
possible.  There  is  included  however,  in  Table  S,  a  graphic  summary,  or 
analysis,  of  the  expected  ranges  of  internal  heat  loads  as  a  function  of 
the  type  of  mission.  This  graph  is  based  on  a  general  compilation  of 
estimates  made  by  a  number  of  authors,  primarily  those  in  References  7^ 

P,  and  9.  The  separate  regions  in  this  graph  show  the  characteristic 
steps  which  may  be  expected  in  the  space  program.  It  is  felt  that  this 
background  information  will  provide  a  basis  for  the  estimation  and 
evaluation  of  environmental  control  systems  which  must  be  considered  in 
the  design  of  future  space  vehicles. 
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